Emission control technologies, improvements in fuel quality, and the use of alternative fuels (e.g. from Fischer-Tropsch processes), hydrogen, natural gas and biofuels, are among several options supported by regulatory pollution control agencies to reduce the contribution of the transport sector to emissions at the local, regional, and global levels [1] . However, the more widespread use of some biofuels combined with the increasing traffic density provides a potential source of pollutants into the atmosphere, including nitrogen oxides (NO x = NO + NO 2 ), volatile organic compounds (VOCs), carbon monoxide and aerosol particles [2, 3] . In Brazil, the impact of the transport sector on the emission of pollutants has increased, unlike that of other sources, such as biomass burning. The traditional process for producing sugar and ethanol in Brazil included pre-harvest burning of the sugarcane fields. With the objective of bringing about improvements in the overall process and lessening the environmental impact of sugar and ethanol production, the state of São Paulo has progressively replaced the extensive use of labor and pre-harvest burning with mechanical harvesting techniques that preclude the need for burning. In addition, specific environmental laws and protocols in Brazil have resulted in a progressive reduction in pre-harvest burning and are aimed at total elimination of the within the next ten years [4] . Ozone is an important secondary pollutant in the troposphere and a major oxidant. High ozone concentrations usually occur on sunny days, when primary pollutants, i.e. VOCs and NO x , interact by photochemical reactions, supported by strong solar radiation and high temperatures [5, 6] .
Although fuel combustion is a well-known source of direct carbonyl (aldehyde and ketone) emissions to the atmosphere [7] [8] [9] , those emissions depend on the kind of fuel used, the use of catalysts and the traffic conditions [10] [11] [12] [13] . Carbonyls present in motor vehicle exhaust, such as formaldehyde and acetaldehyde, have been identified as toxic air contaminants, pollutants known or suspected to cause adverse health effects [14, 15] . Alcohols, principally ethanol, along with their gasoline blends, have received considerable attention as alternative fuels and can be derived from renewable sources such as sugarcane and beets. Ethanol biofuel is less polluting, both in terms of local emissions (such as particulate matter, sulfur and lead) and greenhouse gases (carbon dioxide and methane) [16] . The principal drawback of alcohol fuels, from an air quality standpoint, is their production of aldehydes during combustion, as well as their lower intrinsic energy content in comparison with pure gasoline and diesel fuels. Under cold-start conditions, alcohols crack to produce aldehydes, principally formaldehyde in the case of methanol and acetaldehyde in the case of ethanol. It is these aldehyde emissions from alcohols that make their potential effects on air quality different from those of nonoxygenated fuels [2] .
In Brazil, ethanol is produced from sugarcane and is used as a fuel in light-duty vehicles. Anhydrous ethanol (maximum water mass content 0.7%, measured at a temperature of 20°C) is added as an antiknock additive to regular gasoline at a concentration of 20-25%. The resulting fuel is called gasohol. Hydrous ethanol has a maximum water concentration of 7.4% and is used as a fuel in light-duty vehicles. One of the most recent innovations by the local automotive industry is the launch of engines that can be fuelled by gasohol, hydrous ethanol or a blend of both in any proportion. Vehicles powered by such engines are often called ''flex-fuel'' vehicles and became attractive because their owners no longer had to be concerned with the price and market availability of ethanol. Increases in the pump price of ethanol lead to large-scale consumption of gasohol, and then of ethanol when ethanol prices subsequently fall to a competitive level. Fig. 1 shows the growth in population and number of vehicles over the last 30 years, as the ratio of inhabitants per vehicle decreased from 15 to 3 and urban traffic congestion worsened. Consequently, vehicles (light-duty vehicles, heavy-duty vehicles and motorcycles) became the main source of air pollutant emissions, accounting for 97% of the CO, 80% of the NO x , 90% of the hydrocarbons, 40% of all particulate matter and 37% of the SO 2 [20] .
Brazil is the only area in the world where fuel with a high ethanol content has been used since 1975, when the National Alcohol Program (ProAlcool) was created, with the specific objectives of decreasing the dependence of the country on petroleum imports and improving urban air quality. Anderson [21] reviewed the available air quality and vehicle emission data in Brazil, focusing on the emissions of vehicle-related pollutants, which can be increased by the use of large quantities of ethanol fuel. The author reported that atmospheric concentrations of acetaldehyde and ethanol are much higher in Brazil than in other areas of the world, whereas the concentrations of aromatic compounds and carboxylic acids are higher in other regions [21] .
Although reports on air quality and the average concentrations of regulated pollutants are released annually by the São Paulo State Environmental Agency [19] , there are few data on environmental concentrations of unregulated pollutants such as aldehydes. In particular, after 2003 (the year in which flex-fuel vehicles were introduced), only three studies of such pollutants were conducted in the MASP [22] [23] [24] . In this context, this paper provides current data on aldehydes, nitrogen oxides and ozone concentrations under typical meteorological conditions in the MASP. The seasonal behavior of these pollutants was assessed in order to further the understanding of photochemical processes in the city. This article also discusses the concentrations of the pollutants formaldehyde and acetaldehyde in the city in recent decades, the contribution of vehicle emissions and the public policies adopted in Brazil to reduce vehicle emissions. 
Material and methods

Aldehyde measurements
The aldehyde sampling follows the US EPA guidelines Compendium TO-11 Method [26] , which is based on the specific reaction of organic carbonyl compounds (aldehydes and ketones) with 2,4-dinitrophenylhydrazine (DNPH)-coated silica gel cartridges in the presence of a strong acid, as a catalyst, to form a stable color hydrazone derivative, and followed by separation and analysis of the derivative by high performance liquid chromatography (HPLC) with ultraviolet (UV) detection. Silica gel cartridges were coated with acidic solutions of twice-recrystallized DNPH. The reagent solution was prepared by dissolving 25.0 mg of DNPH in 25.0 mL of acetonitrile and acidifying with H 3 PO 4 (1%) [27, 28] . The cartridges were treated with methanol and acetonitrile and then coated with 1 mL of fresh DNPH solution. After drying in a desiccator for 24 h, each cartridge was sealed with Teflon Ò tape and wrapped in aluminum foil. A Swinnex polypropylene filter holder containing a polyvinylidene fluoride membrane (purchased from Millipore) impregnated with a 1 mol L À1 potassium iodide (KI) solution was employed for ozone retention [29] . Aldehydes were collected at an airflow rate of 2.0 L min À1 for 2 h in a 2,4-DNPH-coated silica gel on workdays between July 2012 and May 2013. Sample and blank cartridges were eluted with 5 mL of acetonitrile and the extracts were stored in amber glass vials in a freezer until analysis by HPLC. All solvents and reagents employed were HPLC grade. The carbonyl-2,4-DNPH standard was purchased from Sigma Aldrich. Methanol, acetonitrile and tetrahydrofuran were purchased from J.T. Baker, KI was purchased from Merck, and solid silica gel sorbents were purchased from Waters.
The chromatographic system included a Rheodyne injection valve with a 20 lL sample loop, two LC pumps (Shimadzu model LC-10AD) and a UV-Visible detector (Shimadzu model SPD-10AV) at 365 nm. Separation of hydrazones was performed using a Phenomenex Ò Gemini column (25 cm Â 4.6 mm, 5 lm) connected to a pre-column Phenomenex Ò Gemini operated at 25°C (room temperature). An elution method was employed with solvents A (40:60, acetonitrile:water, v/v) and B (80:20, acetonitrile:tetrahydrofuran, v/v) using a gradient program in which the elution time was optimized: 30% B for 5 min, then a linear increase to 50% B over 12 min, remaining at 50% B for 8 min and then finally a linear decrease from 50% to 30% B over 2 min. The mobile phase flow rate was 1.3 mL min
À1
. The concentration of carbonyls in the air samples was calculated using the external calibration data from the carbonyl-DNPH standards.
Results and discussion
The MASP lies on a plateau, approximately 800 m above sea level and 50 km from the coast, and is surrounded by hills reaching elevations of 1100 m in some regions. Due to this complex topography, the wind regime is strongly influenced by sea breezes, mountain-valley circulations and local conditions such as building-barriers, roughness and urban heat island effects [30] . Fig. 2 shows the meteorological conditions (rainfall, temperature and global solar irradiation) during the study period compared with climatological averages . The MASP is characterized by dry winters (June to August) with <50 mm of precipitation/month and wet summers (December to March) with >150 mm of precipitation/month [25, 31, 32] . During the study period, the average monthly temperature and relative humidity were lowest in July and August, whereas the average monthly precipitation was lowest (35 mm) in August (Fig. 2) . In 2012, August was the driest month, whereas, December (2012) and February (2013) were the wettest. The average monthly temperature was higher than the climatological average during most months during the period studied, the exceptions being January, March and April.
It is important to highlight the performance of an anomalous anticyclonic flow in the upper levels of the atmosphere over the southeastern coast of South America, provoking atmospheric blocking in 2012 during the months of August (winter) and September (winter/spring). This phenomenon caused a considerable decrease in precipitation, which resulted in a long period of drought and rising temperatures in the region. Most days in July, August and September (winter 2012) were unfavorable for the dispersion of pollutants, i.e. calm and windy with no rain.
Ozone and NO x concentrations
The monthly variability in the hourly distribution of O 3 and NO 2 concentrations is presented in Fig. 3 . Although the highest concentrations of NO 2 were observed in June and July, the maximum values were no higher than the national air quality standard (maximum, 320 lg m À3 in one hour). During these colder months, there was a certain prevalence of thermal inversions near the surface and weak winds, causing pollutants to accumulate [33] . In contrast, O 3 presented concentrations above the national air quality standard (maximum, 160 lg m À3 hourly) in eight of the months evaluated. Ozone showed a completely different concentration pattern when compared with NO 2 , because O 3 is formed in the atmosphere by photochemical reactions which depend on solar radiation and temperature, among other factors. The warmer months, which are associated with a greater incidence of solar radiation on the atmosphere, are more favorable to the formation of ozone. January 2013 was extremely wet in the region, with rainfall significantly exceeding the climatological averages for the period (Fig. 2) . The intensified cloudiness and reduced solar radiation resulted in a lower concentration of ozone than in the other summer months (Fig. 3a) .
The diurnal cycles of NO, NO 2 and O 3 during the study period, by season, are shown in Fig. 4 . The NO and NO 2 values were highest during the first hours of the day; the mean NO 2 concentration in the studied period was 31.3 lg m À3 and the maximum was 203 lg m
À3
. The mean NO concentration was 18.0 lg m À3 , whereas the maximum was 292 lg m À3 . As can be seen, peak ozone concentrations were observed at 2-3 p.m. local time (LT), whereas the minimum values were observed at 7-8 a.m. Except in the spring, ozone concentrations were higher during the weekends. This may be explained by the fact that the primary cause of higher ozone levels on weekends is the reduction in NO x emissions, which can be attributed to the reduction in heavy-duty vehicle traffic, thus favoring faster ozone formation. This pattern was also observed in the MASP by Silva Júnior et al. [34] and has been observed at other sites around the world [35, 36] . Marr and Harley [37] suggested and alternative hypothesis: that enhanced ozone formation on weekends is attributable to reduced absorption of sunlight due to lower concentrations of fine particles.
In some periods, the concentration of NO showed two peaks per day. The morning peak occurred at around 8 a.m. L.T., whereas the afternoon peak typically occurred after 7 p.m. and often persisted until after 10 p.m. due to heavy-duty vehicles circulating on weekdays. It is of note that the local government of the MASP has adopted policies restricting truck traffic during the day (workdays from 4 a.m. to 10 p.m. LT) along main traffic routes. The minimum NO value during the daylight hours was observed to coincide with the ozone peak (2-3 p.m. LT). It is also of note that, although ozone concentrations were lowest in the early morning, the associated NO concentrations peaked during the morning hours. This indicates that the associated chemical reactions taking place before sunrise, combined with dilution and transport mechanisms, deplete the ozone that accumulates in the stable boundary layer during the night. That is because vehicles, the main sources of ozone precursors, start emitting pollutant gases before sunrise and the emitted NO can deplete the ozone without solar radiation [33] .
A similar pattern was observed for NO 2 concentrations, which showed two daily peaks (morning and evening) associated with local traffic. However NO 2 levels were also affected by the oxidation of NO. The NO 2 morning peak was observed at about 10 a.m. LT, about two hours after the NO peak, due to oxidation reactions. In contrast, the evening peak was observed at 7-8 p.m. LT. The increase in the NO 2 concentration generally began around 5 p.m. LT (increased vehicle traffic). Because vehicles predominantly emit NO, the presence of ozone and, especially, high concentrations of free radicals, promote the rapid oxidation of NO to NO 2 . Only after the consumption of these species, which are formed by photochemical processes is it possible to observe an increase in the concentration of NO. After 7 p.m. LT, there is no more radiation and the photochemical processes are therefore terminated. The minimum NO 2 concentration observed during the daylight hours was also in good agreement with the ozone peak and the NO minimum. Fig. 5 shows that tropospheric ozone was present for more hours of the day in spring (Fig. 5b) and summer (Fig. 5c ) than in the autumn (Fig. 5d) and winter (Fig. 5a) . During the spring, the hourly average tropospheric ozone concentration was highest in the early afternoon. However, it is of note that the behavior of NO and NO 2 in the winter and autumn differs from that observed for the other seasons. As discussed previously, the rise in NO x concentrations in the MASP during the first hours of the day was mainly due to the increase in traffic flow (rush hour). However, intense overnight peaks were observed in the winter and autumn. Those were also associated with weak winds and atmospheric stability, characteristic of the nocturnal stable boundary layer, which persists into the first hours of the morning, especially in the colder seasons.
Aldehyde concentrations
The diurnal variations in the 63 samples of formaldehyde and acetaldehyde, corresponding to sixteen days sampled between July 2012 and May 2013, are shown in Fig. 6 . At different hours of the day, there were significant variations in the concentrations of formaldehyde and acetaldehyde, as well as in the formaldehyde/ acetaldehyde (F/A) ratio. The mixing ratios were highest in August (Fig. 6b) , reaching maximum values of 28.7 ppb v for formaldehyde and 15.2 ppb v for acetaldehyde, and lowest in May (maximum values of 4.7 ppb v for formaldehyde and 3.2 ppb v for acetaldehyde, Fig. 6d ). During the months of August, September and May, the precipitation in the MASP was lower than the climatological average for the area (Fig. 2) . August was the driest month, presenting 1.8 mm of precipitation, 17 days with relative humidity below 40%, total solar radiation of 550 MJ m À2 and a daily average of 7. (Fig. 6a) , the aldehyde concentrations were approximately constant, except between 8 a.m. and 10 a.m. L.T., although formaldehyde concentrations were higher, reaching 24.1 ppb v . During that month it rained 88 mm, double the climatological average (Fig. 2) , respectively). Synoptic parameters were evaluated for these days in order to characterize the pollution events and link them to the meteorology. On August 31, 2012, a subsidence system with drier air was observed in the lower layers of the atmosphere, preventing the formation of clouds with vertical development. That was observed over much of the continent. Because there were very few frontal systems acting upon the country, the movement of the subsidence throughout the atmospheric column over southeastern Brazil was slow. On November 23, 2012, a region of high pressure, inhibiting the formation of clouds, was also observed over southeastern Brazil. On both days, episodes of thermal inversion were observed at the lower levels. Given the fact that the daily characteristics of the vehicular traffic were similar, maintaining constant levels of pollutant emissions throughout the year, we can surmise that the meteorological conditions played a very important role in determining the aldehyde mixing ratio in the MASP.
As can be seen in Table 1 , the average concentrations of formaldehyde and acetaldehyde were 8.6 ± 6.7 ppb v and 5.4 ± 5.2 ppb v , respectively, both being important constituents of the urban troposphere in the MASP (third and fourth in terms of concentration), because they contribute a significant fraction of the total VOCs. Table 1 also shows the 25th, 50th and 75th percentile values for formaldehyde, acetaldehyde and the F/A ratio. As can be seen, the arithmetic mean is greater than the median, indicating that the data do not follow a normal distribution. Determining the F/A ratio in urban areas is particularly useful because acetaldehyde is often associated with direct vehicle emissions [21] . In Brazil, unlike in other countries, high concentrations of acetaldehyde have been found in the atmosphere. During the period studied, the F/A ratios were highest on September 3 (mean 3.1 ± 2.2), and lowest (mean 0.65 ± 0.07) on November 23.
Formaldehyde concentrations in urban regions differ greatly. For instance, in urban areas of northern and central Europe, as well as of the United States, the average values vary from 5 to 15 ppb v [3] . However, in those of Asia and South America, very high concentrations have occasionally been observed, reaching average values between 20 and 30 ppb v with peaks of 40-50 ppb v [3] . In metropolitan areas, the intense solar irradiation combined with high concentrations of reactive organic compounds such as alkenes, leads to photochemical smog, which increases the production of formaldehyde, particularly in the summer [38, 39] . In some years, the highest formaldehyde values in Brazil have been recorded in the city of Rio de Janeiro, where those values increased considerably between 1998 and 2004, whereas formaldehyde and acetaldehyde levels both decreased sharply between 2004 and 2009. In the latter period, values ranged from 1.52 to 54.31 ppb v for formaldehyde and from 2.36 to 45.60 ppb v for acetaldehyde [40, 41] . The authors attributed high aldehyde concentrations to the increasing use of biofuel. Several authors have worked out the reaction pathways in the combustion of different biofuels and have concluded that such processes can generally be expected to produce carbonyl compounds, particularly formaldehyde [42, 43] . Table 1 shows a review of values for formaldehyde and acetaldehyde from 1986 to 2013 in the MASP.
Vehicle emissions of aldehyde vs. public policies
In Brazil, the Programa de Controle da Poluição do Ar por Veículos Automotores (PROCONVE, Program for the Control of Motor Vehicle Emissions) was launched in 1986, establishing air pollutant emission standards for new cars countrywide. The PROCONVE was implemented in phases, and the decrease in vehicle emissions has been accompanied by an enforcement law to reduce pollutants and the use of ethanol as fuel on a large scale. Fig. 7 shows the aldehyde emissions in grams per kilometer traveled by new vehicles sold in Brazil, together with the limits specified in each phase of the PROCONVE. As can be seen, significant reductions in emissions occurred due to the evolution of public policies for pollution control. Prior to 1992 (before and during Phase 1 of the PROCON-VE), no limits existed regarding aldehyde emissions. During that period, vehicles running on ethanol emitted about 0.13 g of total aldehyde (RCHO) per kilometer, about 3 times more than vehicles running on gasohol. In Phase 2 of the PROCONVE, which started in 1992, the emission limit was initially 0.15 g of aldehyde per km traveled but was reduced to 0.03 g of aldehyde per km traveled by 1997 (the beginning of Phase 3). As can be seen in Fig. 7 , vehicles running on ethanol emit more total aldehydes than do vehicles running on gasohol and the quantity of aldehydes emitted by ethanol-powered vehicles is similar to that emitted by flex-fuel vehicles running on ethanol. However, the production of vehicles The PROCONVE is currently in Phase 5, and the limit for aldehyde emissions is 0.02 g per km traveled.
In-tunnel studies can be used to describe actual vehicle emissions. Table 2 shows aldehyde concentrations inside traffic tunnels One parameter used in order to quantify the contribution of VOCs to ozone formation is the maximum incremental reactivity scale, which represents the mass of ozone formed per gram of VOCs emitted into the system [48] . The maximum incremental reactivity (MIR) scale values for formaldehyde and acetaldehyde are 9.46 and 6.54 respectively [49] , which represents a mean potential ozone formation of 99.9 ± 78.6 g O 3 /g formaldehyde and 63.6 ± 61.5 g O 3 /g acetaldehyde. In addition, the presence of these species in the atmosphere can affect the climate. Aldehydes can act as greenhouse gases in their vapor and aerosol phases [50] . The aerosols formed from these primary emissions can contribute to atmospheric cooling by increased light scattering. The atmospheric reactions of the peroxy radical formed from aldehyde emissions will also likely lead to increased acidic aerosol production, contributing to the production of light-scattering aerosol species. Once dissolved in aerosols, aldehydes are also strong infrared absorbers and can contribute to local heating of the atmosphere [51] . In summary, the overall impact that the formation of aerosols has on the climate will depend on their concentrations, atmospheric lifetimes and distributions.
Conclusions
To improve air quality in urban environments that are subject to photochemical smog, the atmospheric concentrations of NO x and other reactive VOCs (such as aldehydes) need to be monitored and controlled. In the present study, we have shown that, in the MASP, the NO x pattern is related to vehicle emissions and the ozone pattern is related to photochemical activity. In addition, we found that aldehydes showed diurnal variations, indicating that photochemical production and removal, as well as direct emissions, are all significant processes. However, this makes it difficult to identify the distinct contributions of the various sources. Our results also demonstrate that, although there was a considerable increase in the number of flex-fuel vehicles on the road in the MASP, technological improvements in the design of those vehicles prevented any significant increase in the concentration of aldehydes in the atmosphere.
Public efforts such as the PROCONVE, which is now in Phase 5, have been of great importance in reducing the concentrations of pollutants such as aldehydes in the atmosphere. It is also of note that meteorological conditions favored the dispersion of such pollutants during some parts of the period evaluated in our study, thus reducing the concentrations of aldehydes at times. 
